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Method for producing micro-mechanical and micro-optic 
components consisting of glass-type materials 




The present invention relates to a method of producing micro-mechanical and micro- 
optic components and/or functional elements consisting of glass-type materials, 
which permits the duplication modelling of structured substrate surfaces in glass, with 
utilisation of the flow properties of the glass and with application of standard methods 
in semiconductor technology. The term "functional element" is meant to denote a 
substrate with a structured surface in accordance with the present invention, which 
consists of glass-type material and is used in further-going steps of method. 

Shaping methods, e.g. in mono-crystalline silicon, are widely common as standard 
methods in semiconductor technology. For transmissive micro-optical components 
such as lenses, optical gratings or beam shapers, however, semiconductor materials 
are suitable only conditionally. Silicon, for instance, presents a strong absorption in 
the visible range of wavelengths of the light. Optical components for wavelengths 
between 380 nm and 760 nm are thus made of materials similar to glass. The nu- 
merous expedient material properties of glass - such as a low coefficient of thermal 
expansion or a high mechanical and chemical stability - are also expediently em- 
ployed in micro-mechanical components. The production of such components is lim- 
ited, however, insofar as suitable methods are available only conditionally with re- 
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spect to the micro-structuring of glass-type materials. In particular, the standard 
methods known from semiconductor technology are ruled out because suitable etch- 
ing processes for achieving comparable structure levels are not known for glass-type 
materials. 



Prior Art 

For the production of micro-optical as well as micro-mechanical components me- 
chanical operations such as grinding, sawing, polishing and scribing are applied in 
accordance with prior art (e.g. echelette grating). As a result, however, both the pre- 
cision and the variation of shapes are strongly restricted. The hot relief printing of 
glass, which is employed for the mass production of macroscopic objects, is not ap- 
propriate for the production of micro-optical or micro-mechanical components in the 
order of less than one millimetre because of the lack of suitable materials for the pro- 
duction of the relief printing matrices and as the detachment of the glass from the re- 
lief printing matrices results in poor surface qualities. One method of producing mi- 
cro-optical systems is based on the production of three-dimensional structures in re- 
sist layers by means of grey-tint lithography and the subsequent transfer of the 
structure into the glass substrate underneath by application of an RIE plasma proc- 
ess (US Patent 5310623). 

Another method of producing micro lenses as well as micro-lens arrays makes use of 
resist arrays caused to fuse and thus forming lens-shaped topographies that are 
subsequently transferred into the substrate underneath by means of an etching proc- 
ess: In terms of the component height, both methods are restricted to a few tens of 
micrometers and therefore they are also limited in terms of their lateral dimension. 
Apart therefrom, the etching process increases the surface roughness. 
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Brief description of the invention 

The present invention is based on the problem of providing methods of structuring 
surfaces of micro-mechanical and/or micro-optical components and/or functional 
elements consisting or glass or glass-type materials, which permit the precise and 
low-cost shaping of the elements down to the sub-pm range, whilst the height of the 
elements may amount to a few hundreds of micrometers, as well as providing the 
elements produced by this method. 

In accordance with the present invention, this problem is solved by the features de- 
fined in Claims 1 to 3. A component or functional element produced by this method is 
defined in Claim 22. 

The preferred embodiments are the subject matters of the dependent Claims. 

The inventive method operates on standard lithographic and etching processes for 
the production of negative moulds (master structures) from a substrate, preferably a 
semiconductor substrate, e.g. of silicon. 

In the following, the term "semiconductor substrate" will be used, however with out 
any restriction of the general applicability. Due to the combination of standard bond- 
ing techniques, preferably anodic bonding with a flow process at elevated tempera- 
ture, the master structures are transferred into glass or glass-like materials. The 
negative moulds present a surface structure laterally reversed to the desired surface 
structure of the glass material, which means that at locations where recesses are 
present on the surface of the semiconductor substrate projections are created in the 
glass material on the surface facing the semiconductor substrate. The negative 
moulds are preferably produced from mono-crystalline silicon. To this end, a large 
number of possibilities is available for processing on almost any surface structure 
whatsoever, due to the combination of lithographic processes with wet chemical iso- 
tropic as well as anisotropic etching methods and various dry etching processes. 

In a similar manner, it is possible to create optical lenses with an extremely low sur- 
face roughness and in a size smaller than one millimetre. At lower temperatures or 
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shorter annealing intervals, the glass-type material slowly lowers into the cavities on 
the substrate, forming there defined lens-shaped surfaces. The cavities may be inter- 
connected by channel systems so as to ensure the same process pressure at any lo- 
cation. The lowering depth, which determines the focal length of a lens so produces, 
may be precisely adjusted by setting the temperature, the pressure and the anneal- 
ing interval. A subsequent polishing step equalises the dents forming on the face 
turned away from the substrate so that after removal of the substrate by etching mi- 
cro lenses and micro-lens arrays are present on the glass in any variation in shape 
whatsoever. Generally, borosilicate glass, such as Pyrex® glass, is used for the proc- 
ess as this type of glass displays a small thermal expansion characteristic in corre- 
spondence with the thermal expansion of silicon. The bond established between the 
glass and the semiconductor substrate them remains particularly stable during the 
annealing operation. By the term "glass-type" material, however, any material is to be 
understood that presents the expedient material properties of glass at least in parts, 
and that presents viscous flow properties under the influence of an elevated tem- 
perature and/or the action of a pressure difference, e.g. glass-ceramics. 

The inventive method consists of the follow process flow: 

• Conventional lithographic processes are employed to transfer digital or continu- 
ous structures into a photo sensitive resist that is applied on a semiconductor 
substrate, preferably a mono-crystalline silicon wafer. Standard methods are 
available for transferring digital structures, which are the common contact or pro- 
jection exposure processes usually employed in the semiconductor industry. 
When grey-tint lithography is applied it is possible to structure surfaces of almost 
any shape whatsoever. After exposure, the resist volume that was not exposed is 
removed in a developer bath. 

' With application of etching processes, the topography of the resist layer is trans- 
ferred to the semiconductor substrate. This may be done by both wet chemical 
etching processes (e.g. etching in baths containing hydrogen-fluorine compounds) 
and dry etching methods (plasma etching, reactive ion etching). 
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The structured semiconductor substrate is bonded to a substrate consisting of a 
glass-type material (glass substrate), e.g. a Pyrex® wafer, preferably by means of 
the anodic bonding technique, so that a hermetically tight bond will be created 
between the semiconductor substrate and the glass substrate. This is done under 
conditions resembling those of a vacuum, e.g. by negative pressure. After bond- 
ing, the pressure prevailing throughout the bonding operation in the process 
chamber, is preserved in the recesses of the surface structure of the semicon- 
ductor substrate. With the anodic bonding technique, two extremely planar sub- 
strates are heated on a so-called hot plate, which is a conductive substrate (e.g. a 
semiconductor substrate) and a non-conductive substrate (e.g. a glass substrate). 
Additionally, a voltage of up to 1 ,000 Volt is applied between the substrates. 
When the negative pole is present on the glass substrate the positive mobile ions 
(e.g. sodium, potassium, boron, sulphur) present in the glass matrix migrate in a 
direction towards the cathode. The immobile stationary oxygen ions form a nega- 
tive volume charge zone on the boundary to the semiconductor substrate. The re- 
sulting electrostatic force results in an intimate contact between the two adjacent 
substrate surfaces. In combination with the effects of an elevated temperature, 
this results in the formation of chemical bonds between the atoms of the conduc- 
tor and non-conductor substrates. When additionally an outside pressing force is 
exerted on the substrates this results in an intensification of the bond. 
By subsequent annealing, preferably at normal pressure, the glass material is 
heated to a level higher than the vitrifying temperature thereof. Due to its then 
plastic properties, the glass material fills the apertures in the structured surface of 
the semiconductor substrate. The annealing interval and the annealing tempera- 
ture must be so high that with the given relative pressure conditions between the 
pressure of the atmosphere in the annealing furnace and the pressure preserved 
in the recesses of the semiconductor substrate surface during the bonding proc- 
ess, the glass material will flow into the recesses until a relief model of the semi- 
conductor surface structure will be achieved. The propulsive force against the vis- 
cous resistance of the plastic glass material mass is the negative pressure pre- 
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vailing in the apertures, relative to the atmosphere in the annealing furnace. With 
an identical temperature and process time, the material characteristics of the 
glass substrate will take the predominant influence on the relief formation and 
precision of the moulding operation. Particularly the precise composition of the 
glass, such as the quantity and type of the doping agent (e.g. boron, phospho- 
rous) take an influence on the viscous properties of the glass. Moreover, the 
moulding characteristics are dependent on the quality of the vacuum during the 
anodic bonding process. 
• The flow of material may give rise to roughness on the glass substrate surface 
turned away from the semiconductor substrate. This roughness is created in par- 
ticular when the glass substrate presents a small thickness relative to the struc- 
tures on the semiconductor substrate that are to be moulded. The thicker the 
glass substrate, the smaller is the roughness crated on the glass substrate sur- 
face turned away from the semiconductor substrate. This roughness may bee re- 
moved by grinding and/or polishing processes if they are undesirable. If a separa- 
tion of the processed glass substrate from the semiconductor substrate is desired 
a standard etching process may be employed for separation of the processed 
glass substrate from the semiconductor substrate, wherein the silicon is com- 
pletely removed by etching whilst the glass matrix is retained. To this end various 
chemicals such as tetra methyl ammonium hydroxide (TMAH) or xenon difluoride 
(XeF2) are appropriate. 

In a variant of the process it is possible to produce refractive lenses and lens arrays 
by partial inflow into a silicon structure. To this end. recesses are etched in the semi- 
conductor wafer by a wet or dry chemical etching process, which are so dimensioned 
that after annealing the lens-forming bulges in the glass substrate will not contact the 
walls of the recesses. During the process, which is preferably carried out at normal 
pressure, of annealing the glass substrate bonded to the semiconductor substrate 
under vacuum or negative pressure, respectively, the glass substrate is heated to a 
level of 600 to 800 degrees Celsius. In distinction from the aforedescribed process, 
the sinking of the glass substrate into the prepared recesses of the semiconductor 
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substrate is stopped by cooling when the desired degree of Inflow, e.g. the desired 
lens shape, for example, is reached. Then, after cooling, the glass substrate side 
turned away fronn the semiconductor substrate, may be planished and the lenses 
may be exposed by removal of the semiconductor substrate by etching. 

Another modification of the process Is of Interest particularly for structuring micro- 
mechanical components. This variant of the inventive method may be applied, for ex- 
ample, in the production of curved surfaces for the Implementation of effective elec- 
trostatic actuators for low-voltage operation, such as those required for the design of 
micro-relays or micro valves. To this end the effect may be expediently utilised that 
very smooth and curved surface shapes are always formed when the glass material 
flows into the recesses of the semiconductor substrate on that glass substrate side 
that Is turned away from the semiconductor substrate. 

In a varied embodiment of the described method the glass substrate surface turned 
away from the semiconductor substrate is not planished after cooling but rather used 
for the production of the micro-mechanical components. The glass substrate surface, 
which was bonded to the semiconductor substrate, can be planished after removal of 
the semiconductor substrate by etching. For these applications the removal of the 
semiconductor substrate by etching Is not definitely necessary. The further manu- 
facturing steps of the micro-mechanlcal component(s) are then structured on the 
glass substrate surface turned away from the semiconductor substrate. In the case of 
an electrostatic actuator, initially the driving electrodes are produced in the curved 
pitches of the glass material. Subsequently, a thin layer is extended and structured 
over the pitches with these electrodes. This may be done, for example, by anodic 
bonding of a silicon wafer (e.g. SOI (sllicon-on-lsolator) wafer) on the glass surface, 
whereupon the wafer is ground and/or etched down to a thin layer. 

The moulds produced In the aforedescribed manner In glass or glass-type materials 
may, in their turn, serve as functional elements and constitute a master structure for 
the production of printing and/or Injection moulding moulds, e.g. nickel moulds for the 
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injection moulding process. To this end it is preferred that the glass mould, which is 
produced by partial inflow of the glass material into the surface structure of the semi- 
conductor substrate, is moulded in a metal, preferably a nickel alloy, in an electro- 
plating process. The metal is here deposited from a solution on the surface to be re- 
lief moulded. After detachment of the glass mould and/or its removal by etching, the 
metal relief mould so produced constitutes the master mould for products presenting 
a surface structure and consisting of materials appropriate for such a use, e.g. a 
synthetic resin, which are to be manufactured in a printing and/or injection moulding 
operation. 

The aforedescribed process variants are based on a selective local inflow of softened 
glass-type material into the recesses of the respective first substrate preferably con- 
sisting of a semiconductor material, e.g. a Si wafer. A third variant of the process for 
structuring surfaces of micro-mechanical and/or micro-optical components and/or 
functional elements of glass-type materials, by contrast, provides for joining the first 
substrate to the second substrate, at least in an overlapping relationship, in such a 
way that a medium, preferably a gaseous medium, will be introduced into the en- 
closed volume of the recesses, which medium undergoes expansion when heated, 
i.e. in the sub sequent annealing operation. This results in the consequence that the 
softened glass-type material is, so to speak, locally displaced in the zone of the re- 
cesses by the overpressure prevailing in the enclosed volume, so that dents of con- 
cave geometries will be formed in the surface of the second substrate, which is im- 
mediately opposite to the recesses, which are useful as optical dispersing lenses in 
one practical form of application. 

In all the aforementioned process variants, it is important that the first substrate must 
be separated from the second substrate, if necessary, after termination of the shap- 
ing annealing step and cooling of the glass-type second substrate. It is possible on 
principle to subject the first substrate, which is mostly designed as semiconductor 
material, selectively to an etching process that separates, on the one hand, the first 
substrate from the second substrate and. on the other hand, destroys the first sub- 
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strate in a non-recoverable manner. This is not particularly desirable, however, for 
reasons of costs. 

When, by contrast, a parting layer is provided between the first and second sub- 
strates for maintaining the structure of the first substrate, the structured semicon- 
ductor substrate can also be used again undamaged in further subsequent shaping 
processes. The application of an appropriate parting layer is suitable to avoid that the 
first substrate, which is preferably designed as silicon wafer, must be destroyed in the 
final removal step. 

To this end, several approaches are conceivable: 

(a) A carbon layer (equally a diamond or diamond-type layer, SiC) is applied on the 
SI wafer to prevent adhesion of the glass-type material of the second substrate, 
which is preferably configured as glass wafer, to the silicon wafer. The bond between 
the Si wafer and the glass wafer is preferably achieved by a ring made of a solder 
material joining the two wafers to the wafer edge in a vacuum-tight manner. Even 
though the solder material becomes liquid at the process temperature during the an- 
nealing step, at which the glass flow takes place, the poor wetting of the uncoated 
glass or carbon layers prevents, however, an excessively deep penetration of the 
solder material between the wafers. 

The separation of the two wafers can be performed either mechanically or the solder 
ring can be removed by etching while the carbon layer can be removed by an oxida- 
tion process (approximately 400 to 500 ''C with oxygen supply). 

Prior to a further use of the silicon wafer it may possibly be necessary to apply this 
parting layer again. 

(b) An adhesion-enhancing layer of a suitable metal such as tantalum is applied on 
the Si wafer. A further metal, e.g. tin, is then applied on this layer. Tin equally pre- 
vents the glass from adhering to the silicon. The separation of the two wafers can be 
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achieved by mechanical means by heating the tin. or by removal of the metal layer by 
etching it out. 

(c) A second layer is applied on the silicon wafer, onto which the glass wafer may be 
provided directly by anodic bonding. Silicon or titanium could be quoted as examples 
of such a layer. This sacrificial layer is then removed by etching at the end of the 
complete process. In order to prevent any attack on the original silicon wafer the lat- 
ter may be provided with appropriate layers such as silicon nitride or silicon carbide. 

The relief moulding of structured substrate surfaces, e.g. silicon wafer surfaces, in 
glass is an important and promising method of manufacturing micro-optical compo- 
nents, for examples. Utilising the surface topography of a master structure, preferably 
consisting of silicon, which is produced with inclusion of the advantages of semicon- 
ductor technology, structures as small as down to the pm range are transferred to 
glass-type materials with a high precision. The expedient optical, mechanical and 
chemical properties such as those of glass can thus be made accessible to the high- 
precision moulding processes and the manifold potential structuring methods and 
processes common in semiconductor technology. Another advantage derives from 
the aspect that after the moulding of the glass the negative mould is removed by an 
etching process that does not involve a mechanical load on the glass material. This 
permits the realisation of very deep structures in the glass, which can never be 
achieved with printing on account of the mechanical load involved. 

The method encompasses a combination of method steps that are applied in a par- 
ticularly low-cost, efficient operation with a degree of purity and precision by parallel 
production (batch process) due to mass application in semiconductor technology. As 
a result, these advantages are transferred to the inventive method. 

Brief description of the invention 

The present invention will be described in the following in details by embodiments, 
without restriction of the inventive idea, with reference to the drawing wherein: 
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Fig. 1 illustrates a schematic process flow for relief moulding of a structured surface 

processed in a semiconductor substrate on a glass-type material, 
Fig. 2 shows a schematic process variant wherein a lens system, for example, is 

produced by partial inflow of the glass material into recesses prepared on a 

semiconductor substrate, 
Fig. 3 represents a process variant for the production of a micro-mechanical 

component. 

Fig. 4 shows an example of a micro-mechanical electrostatic actuator produced in 
accordance with the inventive method, 

Fig. 5 illustrates a process variant for the production of a glass substrate with a mi- 
cro structure on both sides, and 

Fig. 6 shows a process variant for the manufacture of micro dispersing lenses. 

Description of ways of realising embodiments 

Fig. 1 illustrates various stages of a process for the manufacture of a micro-structure 
glass surface with application of the inventive method for projecting a structured sili- 
con surface. These are manufacturing stages following the completion of the follow- 
ing operating steps: 

(a) formation of a structure in the photo resist (1 ), 

(b) ^ transfer of the structure by etching the photo resist and the surface of the sili- 

con wafer (2), 

(c) anodic bonding of a Pyrex® glass wafer (3) onto the silicon surface structure 
with recesses (4), preferably under conditions resembling a vacuum, 

(d) annealing and inflow of the glass into the silicon surface structures under the 
action of overpressure and/or required by the difference in pressure between 
the furnace atmosphere and the pressure situation created in the anodic 
bonding process and preserved in the silicon surface recesses. 

(e) grinding and polishing the glass surface turned away from the silicon, after 
cooling and subsequent removal of the silicon by etching, e.g. in tetra methyl 
ammonium hydroxide. 
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For the prevention of the formation of roughness on the rear side of the glass wafer, 
which occurs in the inflow process, from the very beginning, an alternative envisages 
the application of a second planar silicon wafer on the rear side of the glass wafer by 
a second anodic bonding process after the glass wafer has been bonded to the 
structured silicon wafer. 

As silicon has a thermal stability and the rear side of the glass wafer is chemically 
bonded to the rear-side silicon wafer during the anodic bonding process, this combi- 
nation produces a homogenising effect on the rear side in the subsequent flow proc- 
ess. The rear side hence remains planar. When the front-side silicon wafer is re- 
moved it is possible at the same time to remove the rear-side silicon wafer. 

Fig. 2 illustrates two different stages in the manufacture of a micro-structured glass 
surface with application of a variant of the inventive method for the production of a 
micro-lens array in glass. These are manufacturing stages joining the following steps 
of process: 

(a) structuring the surface of the silicon wafer (2) with recesses. 

(b) anodic bonding of a Pyrex® glass wafer (3) on the silicon surface structures with 
recesses (4), preferably under conditions resembling those of vacuum, 

(c) annealing and partial inflow of the glass into the silicon surface structures without 
contacting the bottom of the recesses in the silicon material, 

(d) removal of the silicon wafer, preferably by etching, and 

(e) grinding and/or polishing the glass wafer surface turned away from the silicon 
material. 

The process steps (d) and (e) may also be applied in a reverse order. 

Fig. 3 illustrates various stages in the production of a micro-structured glass surface 
with application of a further variant of the inventive method, which is preferably em- 
ployed for the manufacture of micro-mechanical components. These are manufac- 
turing stages joining the completion of the following steps of method: 
(a) structuring the surface of the silicon wafer (2) with recesses. 
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(b) anodic bonding of an appropriate glass such as Pyrex® glass wafer (3) on the 
silicon surface structures with recesses (4), preferably under conditions resem- 
bling those of vacuum, 

(c) annealing and partial inflow of the glass into the silicon surface structures without 
contacting the bottom of the recesses in the silicon material, 

(d) removal of the silicon wafer, preferably by etching, and 

(e) grinding and/or polishing the glass wafer surface that had been bonded to the 
silicon wafer. 

The process steps (d) and (e) may also be applied in a reverse order or omitted en- 
tirely. 

For maintaining the concave dents forming on the upper side of the glass wafer (3) 
during the annealing process, which upper side is turned away from the SI wafer (2) 
and which dents are provided to serve technological applications of interest, as will 
be set out in the following, the structured surface of the Si wafer (2) should have 
dents of the structure widths B and the glass wafer (3) should have a thickness D, 
which satisfy the following relationship: 

B > 0.1 • D 

In this manner it will be ensured that the material flow into the recesses will actually 
produce the desired effects on the opposite side of the glass wafer (3) and results in 
the concave dents. 

Fig. 4 is a cross-sectional view of a micro-mechanical electrostatic actuator e.g. of 
the type used as micro-valve or micro-relay, which Is manufactured in correspon- 
dence with the inventive method. To this end, the flow of process steps is carried out, 
which is illustrated in Fig. 3. The electrostatic actuator consists of a glass substrate 
(3) with a recess (4) produced according to the invention. Curved metal electrodes 
(6) are preferably deposited as a layer in the recesses by means of a standard proc- 
ess in semiconductor technology. Then, an electrically conductive resilient membrane 
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(actuator) is stretched over the recesses containing the electrodes. This may be done 
by anodic bonding of a silicon wafer or an SOI (silicon-on-isolator) wafer on the glass 
substrate and by subsequent thinning of the wafer to a thickness of a few microme- 
ters. The membrane then consists of a silicon layer (8) isolated from the electrodes 
by means of an insulating layer (7). When a voltage is applied between the silicon 
layer ands the electrodes the membrane is drawn towards the electrode while the mi- 
cro-valve/micro-relay is commuted. 

Figure 5 shows the steps of the process for the production of a glass substrate 
structured on both sides. A glass wafer (3) is applied on the structured Si wafer (2) in 
step (b). A further structured Si wafer (2) is then applied onto the glass wafer (3) in 
step (bb). Like in the previously described processes, an Intimate bond is created 
between the Si wafer (2) and the glass wafers (3), preferably by means of anodic 
bonding. When measures are taken to ensure that a negative pressure prevails in the 
interstices the glass material of the glass wafer (3) will flow into the recesses in the Si 
wafer on both sides during the annealing process (c). After the appropriate removal 
of the Si wafer layers (2), e.g. by etching, from the glass wafer (3) the desired com- 
ponent with micro-structures on both sides is obtained, which is available for further 
processing steps. 

Figure 6 illustrates the manufacture of a glass substrate (3) provided with dents. In 
step (b), a glass wafer (3) is here applied on the structured Si wafer (2w). Like in the 
aforedescribed processes, an intimate bond Is created between the Si wafer (2) and 
the glass wafers (3), preferably by means of anodic bonding. What is particularly im- 
portant in the case of Figure 6 is the aspect that prior to the intimate bonding of the 
wafers a medium - preferably a gaseous medium - is introduced into the enclosed 
interstices, which expands when heated. In this manner, a gas is enclosed with a 
partial pressure - e.g. air or nitrogen - during the step of anodic bonding of the two 
wafers. When the partial pressure insides the interstices exceeds the surrounding 
atmospheric pressure during the subsequent flow process at elevated temperatures 
the glass surface will not sink into the wafer surfaces exposed by etching but is rather 
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actually pushed away from this surface. This produces impressions in the glass wa- 
fer. The depth of these impressions depends on the original bonding pressure, the 
atmospheric pressure, the process temperature as well as the glass temperature Tq 
of the glass wafer. The structures so created may be used, for example, as dispers- 
ing lenses. 

Consequently, even a combination of the processes explained in Figures 5 and 6 is 
conceivable. It is hence possible to manufacture lenses presenting concave and con- 
vex surfaces. 
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List of reference numerals 

photo resist 

silicon wafer, generally the first substrate 
glass substrate 

surface structure of the first substrate, with recesses 
recess 

curved nnetal electrodes 
insulating layer 
silicon layer 



